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Topics of Discussion \*
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» Design approach

» Full-scale experiments
» Material testing

» Modeling

> Future goals



Current Design of Blast
Resistant Windows
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Floors did not collapse

Ductile structure with
strong joints

Murrah Building
e 4.000-Ib bomb
e 168 deaths

* Floors progressively
collapsed

Beam and column
discontinuity
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Current Design of Blast
Resistant Windows

» Design methods

— Large bites with thick glass —i

— High strength anchored films

i| + Film captured externally
1F |i + Film captured in the bite




Design Methods - Glazing \\
.

Options

Annealed Glass Fails at ~0.2 psi into shards
Chemically Treated Glass Reacts like annealed glass
Wire-Reinforced Glass Reacts similar to annealed glass
Acrylic (Plexiglass) Fails similar to annealed glass

Heat Strengthened Glass Fails at ~0.4 psi into shards

Fragment Retention Film Film (4 mil+) holds fragments; blunt trauma hazard
unless film retained by frame/catcher system

Thermally Tempered Glass 4-5X stronger than annealed glass; fractures into
small cubes

Laminated Use interlayer bonding materials with plies of glass, polycarbonate or
both; frame can be weak point

Polycarbonate Suitable for blast resistance up to ~5 psi; can abrade and degrade
from UV unless coated




Design Methods - Glazing

Options (Videos)
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Film Glazmg

Anchored Film Glazing




Current Design of Blast
Resistant Windows

» Design methods
— Large bites with thick glass
— High strength anchored films

» Design examples...
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Design Examples _Fragment \M/
Retention Film 2

» Broken, annealed glass
turns into shards

Fragment retention film
(e.g., “Mylar”) holds
shards together
Minimum 4 mils thick
Glass/film bond
important
Estimated life of ~10
years

Film with catcher bar
provides good level of
protection at low cost
(Army TL 1110-3-501, 14
Jul 99)




Design Examples — Stainless \ j
Steel Net Blast Curtain \J{
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Design Ex_amples Arpal \/
Windows a2

» Window size: 52"x7'1"
» Thin glass laminates
» Cables used to absorb energy

»  Aluminum shear devices absorb energy
» Complex system
»  Very practical windows
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Design Example_s Structural \/
Muntin Windows %

Vertical Non-continuous
Muntin Steel Tubing Member

Horizontal Continuous
Muntin Steel Tubing Member

Steel Tubing Muntin
Window Frame
Anchored Into
Masonry Wall Using
Threaded, Epoxied
Rods

Two sandwiched interlayers of Coreguard Consisting of
1/8” AG (Annealed Glass) + 20 Gage Sheet Metal

0.180” SGP (Sentry Glass Plus)
+1/8” AG with 3/8” Air Gap
between + 8 mil Shatter
Resistant Window Film

Glued to %" Gypsum
Board

Interior View




Design Examples - Structural
Muntin Windows

46 7/8" x 70 7/8" IGU (1/8" 46 7/8" x 70 7/8" IGU (1/8"
AG+ 0.180" SGP+ 1/8" %" Thread Bar Cored CL+ 0.180"SGP+ 1/8" CL

AG+ 3/8" Air Gap + 1/8" 1 oC & Epoxied into Masonry + 3/8"ArGap+ 18"l
AG+0.180" SGP+ 1/8" -C(op) +0.180" SGP+ 1/8"CL
AG+ 8 mil SR\WF) + 8 mil SR\WF)

8
/§

Detail A—] A £:a Ci ,/ : A
33; 18" 18" 33

& 33} 18" 18" 33"

12" CGC - A5 —— = .
(typ) 2 | 1 18 N33 10-9"
33" 18" 18" | 33
33 18" 18 33
218 |8 |8 2 |82 |8 |&
A
\
Double Brick Exterior 4' x6' (nominal) Window with
Wall with ¥5" Air Gap Mullion Frame Anchored with %" Vo Wirdow Fame &%ﬁw
Between Sections All Thread Rod Epoxied into Masonry Retrofited into Masonry | comes oF xainemrs
VICKSBURG, MS
wmﬂmnm&dmmmﬁmm
[DATE: 05 March 2001 J Drawing: BARP-5B1
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AFRL Blast Resistant Windows
New Concepts

» Engineered thermoplastics with abrasion resistant coatings



Damping Chamber Windows
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Conceptual Performance of Damping Chamber Window



Damping Chamber Window \ /
Window Frame \':'1»/
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2nd_Generat|on \/
Designs 3 and 4 e
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Design 3 a%e




2nd Generation ‘\/’
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» Laminate to withstand blast overpressure



PAL
Laminate Types

» SentryGlas® Plus (SGP)
— Developed by DuPont
— Provides greater tear strength and rigidity than PVB
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PAL \\ /
Anchoring Methods \;,

> Bolting
> Modified designs

» Adhesive (not examined)



PAL Anchoring Methods

Clamping

8685
N-S Ldef 3 layers of ¢

Tempered Glass

E-W LQy@P‘ sancdwiching 2
layers of 0.0907
PV B

PVE Design 2 Edage Detall

PVB Laminate “Tails” Clamped in Frame

1 Plate with 4@ Bolt

r T PVE Tail Clamped
Angle 4 x 3 x between angles
Angle 3 x 3 x 4
Modified
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PAL Anchorm_g Methods \/
Clamping o«
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PVB Tails

Glazing Before Inner Frame



PAL Anchoring Methods

Mechanical Anchoring

" Dia Rod

L

3 layers of g
Tempered Glass
sancwiching ¢

loops of 0.0607
PV E

Angle 4 x 3 x 3

Angle 3 x 25 x I Modified
2% Rod welded to outer

angle, 1.57 off heal and ) 14
nmer angle 125" off 5"9 Rod Eolted ot Ends

heal,




PAL Anchoring Methods
Mechanical Anchoring

Rod Placement Close -up Finished Inner Corner



PAL Anchoring Methods
Bolting

2 layers of §

MIN, 0.500 Tempered Glass
% sanclwiching 0.2/0"
Sentryblas Plus

SentryGlas® Plus Laminate “Tails” Bolted in Frame

Anale 3 x 2L x 4
Modlified

30



PAL Anchoring Methods
Bolting

Outer Frame Detalil Detail Before Inner Frame

Completed Window



PAL Anchoring Methods
LAMLOK

%” Annealed Glass

i

‘rO‘O‘BO” PVB

Extruded Aluminum Lamlok System 1" Annealed Glass

DT 3 Design — LAMLOK, Single Laminate, Fixed Edge Frame

“Lock” and “Key” Mechanism Holds Laminate in Frame

TS 2 x 2 x %
Welclec 2 @ 8
both sides in
opening.

Steel Frame Section A-A (Tvp)
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PAL Full-Scale Testing \*

laminate designs

» Evaluate performance of perimeter anchored laminate designs
framed within blast retrofitted walls

» Establish blast resistance data points for various types of laminate
windows including bent glass designs

» Validate improved perimeter anchorage methods



Full-Scale Testing \ Z
Initial Validation \-’
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BREW 2
Window: Descriptions \4;?/

AIR T 0'11%1?

LAMLOK PVB (all Clamped PVB Hinged LAMLOK
4 sides) Polycarbonate 1/8" TG + 0.180" PVB

1/4” AG + 0.090” 1/8" TG + 00508 PVB + 1/8” TG + 1/4” AG + 0.270"
PVB + 1/4” AG Polyurethane (PT) 0.180" PVB + 1/8” PVB + 1/4” AG
+ 1/4” PC + 0.050” TG + 0.008” Film
PT + 1/S NI
0.008” Film




BREW 2
Window Descriptions

Standard Frame
Bite PVB, Bent
Glass

Two panes of 1/4”
AG + 0.270” PVB
+1/4” AG

Bolted SGP

1/8” TG + 0.270"
SGP + 1/8" TG +
0.008” Film

Mechanically
Anchored PVB

1/8" Tempered
Glass (TG) +
0.180" PVB + 1/8"
TG + 0.180” PVB
+1/8" TG + 0.008"
Film

LAMLOK PVB,
Bent Glass

1/4” AG + 0.270"
PVB + 1/4” AG

e
20



BREW 2 ‘\/

Data Collection e

R14 Pressure Gauge - DT 2 Left
BREW 2, August 14, 2003

Pressure
Impulse

42.70199

Pressure (PSI)
Impulse (PSI-msec)

60 75 90
Time, msec

DG1 Deflection Gauge (Gear Type)

BREW 2, August 14, 2003

18.72094

75 90
Time, msec
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BREW 2 \ ,
Test Results \uﬁ/

SUCCESSFUL

Mechanically Anchored PVB Clamped PVB



BREW. 2 \ /
Tlest Results \4;{

SUCCESSFUL

AFRL

Bolted SGP Bolted Polycarbonate




BREW 2 \\ /
Test Results \«:}/

Standard Frame Bite PVB, Bent Glass LAMLOK PVB, Bent Glass
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BREW 2 \kéf
Test Results %y

SUCCESSFUL
A —~—— lull;i I l
% | ik

= Sy

——

AFRL

LAMLOK PVB (all 4 sides) Hinged LAMLOK PVB



BREW 2
Conclusions

» Bent glazing provided higher resistance allowing greater
dissipation of energy as indicated by glass shard size/pattern,
reduced deflection, and lower glazing velocity

» Anchored, hinged edges demonstrated emergency egress
capabilities

» Further research needed for bolting anchorage method

IN
NS
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PAL Anchoring Methods

Modified Designs

2 x 147 Aluminum flot stock

|
EEL box 3 Aluminum flat stock
3
4
O

Yo 47 Aluminum flat stock

X 2% Aluminum

Expansion qap

Existing
TS 2 x ¢ B y/ Filled with PVB
o |

> ~ 4 AG + 0270”7 SGP +4 AG + 0.008" film with 1.25" SGP tall

0 w 1 AG + 0180" SGP +} AG + 0.008" film with 125" SGP tail

%”@ Grode 5 bolts at 6" centers

SGP Design |

SGP Laminate Bonded to Aluminum and Bolted in Frame

/
&
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PAL Anc_:horlng Methods \d/
Modified Designs e

Edge Anhorag Holes

SGP Laminate Bonded to Aluminum and Bolted in Frame




PAL Anchoring Methods
Modified Designs

PVB Laminate “Tail” Turned 90 Degrees and Clamped in Frame
Between Aluminum Rods
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PAL An(_:horlng Methods \‘/
Modified Designs %

Clamped Corner

Bagged Edges

PVB Laminate “Tail” Turned 90 Degrees and Clamped in Frame
Between Aluminum Rods




PAL Anchoring Methods

Modified Designs

Lamlok Edge Aluminum Extrusion
Lamlok Frame Aluminum Extrusion

Flat % AG + 0.180” PVB +% AG + 0.008” film with Lamlok vertical edges

Lamlok Desian 1 ——— Culvert City Bay 1

LAMLOK System with Different Interlocking Mechanism



- o /4
PAL Anc_:horlng Methods \/
Modified Designs e

Edge Layup

Bent Frame Pieces

LAMLOK System with Different Interlocking Mechanism
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Full-Scale Tesfung \/
Second lteration <°®

Blast Response of Exterior Walls Experiment 3 (BREW 3)




BREW 3

Window Descriptions

. — .

AIR FORCE
RESEARCH LAB

0.180” SGP 0.270” SGP
Bonded Bonded
Aluminum + Aluminum +
Bolts Bolts

Flat %2 AG + 0.180 Flat ¥4 AG + 0.270
SGP + 7 AG* SGP + ¥4 AG +

0.008 Film 0.008 Film



BREW 3

Window Descriptions

AIR FORCE
RESEARCH LA

AFRL Afn L

LAMLOK PVB 0.180” PVB 0.270” PVB LAMLOK PVB,
Flat V2 AG + 0.180 Clamped Talil Clamped Talil Bent Glass

PVB + Y4 AG + Flat %2 AG + 0.180 Flat ¥ AG + 0.270 60” rad. Bent %
0.008 Film PVB + % AG + PVB + ¥ AG + AG + 0.180 PVB +
0.008 Film 0.008 Film Y4 AG + 0.008 Film

=1
o N §



BREW 3
Data Collection

R2 Pressure Gauge - BH 1 Right
BREW 3, March 19, 2004

Pressure

42.53039 Impulse

219.6641

- g
o 2]
0 £
2 g
] [0}
9 16 100 &
& 2
E
8 50 DG4 Deflection Gauge for SGP-BE 2
BREW 3, March 19, 2004
0 0 40
35
-8 -50
15 30 45 60 75 90 105 120 135 2 29.52002
Time (msec)
25
S 2
c
2 15
3
Deflection Readings Higher g 1
5
0
5
-10
15 30 45 60 75 9 105 120 135 150
Time (msec)

1
N
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BREW 3 \
Test Results N

0.180” SGP Bonded Aluminum + Bolts
SUCCESSFUL

AFRL

Prevented lethal fragments but portions of the edge
bond failed

o

0.270” SGP Bonded Aluminum + Bolts
SUCCESSFUL

AFRL |4

Prevented lethal fragments with no tears or edge bond
failures
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BREW 3
Test Results \/

0.180" PVB Clamped Tail 0.270” PVB Clamped Tail
SUCCESSFUL SUCCESSFUL

bl
g
III'

AFRL

Prevented lethal fragments while tearing along a Prevented lethal fragments without tearing
vertical edge




A
BREW 3 \
Test Results \':
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LAMLOK PVB LAMLOK PVB, Bent Glass
SUCCESSFUL SUCCESSFUL

" 1‘ l... g -y Prevented lethal fragments but an inadequate frame
1 l{ L failed

Prevented lethal fragments while tearing along both
vertical edges

ce
29



BREW 3
Conclusions

> Key “tearing/stays in frame” data point established for 180 mil
thick PVB

» Window deflection minimally affected by laminate type or
thickness

» Additional investigation needed to eliminate bolt shear and edge
bond failures



@\ Modeling & Material Testing 22

Develop constitutive equations for
the laminates at high strain rates

» Develop non-linear dynamic
response model for PAL to airblast
loads

» Validate models with experimental
test data (loading functions on
windows)

» Use models to predict/optimize
material parameters for concept
design




One of few in the country

Examine high strain rate of laminates
(none available in literature)

» 15-400 in/s sample rate velocity

» Supporting polymer working group in
testing high density, glass-filled
composites for SAE (Society of
Automotive Eng.)

» Supporting GERC (Graduate Eng.
Research Center) testing PET films




PVB/Annealed Glass Interlayer

b -

SGP Laminate Bonded to Aluminum LAMLOK PVB Interlayer System

59



SGP Flexural Bend Test

Testing Results

Flexure Testing
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Future Goals

» Further characterize stress/strain and high strain rate behavior of
window laminates to incorporate into finite element models and
engineer level analytical tools

» Improve methods for inclusion of window concepts into
wall/window blast protection systems

» Continue to adapt emerging materials for use in force protection



Summary.

» Design approach

» Full-scale experiments
» Material testing

» Modeling

» Future goals
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Bolted SGP
High Speed Video




Hinged LAMLOK PVB \ /
High Speed Video \/




¢4\ SGP Bonded Aluminum + Bolts \ /
‘o) Highi Speed Video \*.'*/




